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ABSTRACT 
Magneto-Optical Spectroscopy of Novel Ferromagnetic Materials 
by 
Chanjuan Sun 
Two types of novel ferromagnetic materials, (Ga,Mn) As and Fei/4TaS2, were stud-
ied in this dissertation. Interest in (Ga,Mn)As is stimulated by the emerging field 
of spintronics, which has a potential of bringing a technology revolution in informa-
tion processing, information storage, and quantum computing. The latter, Fei/4TaS2, 
belongs to the family of intercalated transition-metal dichalcogenides (TMDC) with 
highly anisotropic layered structures. At cryogenic temperatures, ferromagnetic or-
der appears in both materials through the interaction of localized spins and itinerant 
carriers. In order to investigate these underlying exchange interactions and spin-split 
band structures, we developed a magneto-optical Kerr effect (MOKE) spectrometer 
with the full capabilities of magnetic field, temperature, and photon energy scanning. 
We observed novel and unusual MOKE data as a function of these three continuously 
tunable parameters. 
Remanent Kerr angles of (Ga,Mn)As samples showed strong dependence on the 
photon energy, exhibiting a large positive peak at ~1.7 eV. This peak increased in 
intensity and blue-shifted with Mn doping and further blue-shifted with annealing. 
We attribute these changes to the increased hole density and effective Mn content. 
Our data agree very well with theoretical calculations using a 30-band k • p model 
with antiferromagnetic p-d exchange interaction without any ad hoc introduction of 
impurity transitions. The agreement between the data and the model led us to con-
clude that above-bandgap magneto-optical Kerr rotation in ferromagnetic (Ga,Mn)As 
is determined by interband transitions. 
Fei/4TaS2 exhibited abnormal Kerr hysteresis behavior with a strong sensitivity 
to the probing photon energy. The abnormal shapes can be fitted with the sum of 
two error functions, and we provide a tentative physical description based on domain 
wall physics. However, a few open questions remains, and its microscopic origin 
is still under investigation. The Kerr spectra were explained by the difference of 
joint-density-of-state (JDOS) of spin-up and spin-down bands in a simplified model, 
adopting literature DOS values of Fei/3TaS2- Accurate simulations require future 
calculations of the band structure. 
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Chapter 1 
Introduction 
The essence of solid state physics lies in the collective correlations of enormous num-
bers of particles. Because of that, magnetism in condensed matter is a fascinating 
subject. Macroscopic systems can exhibit completely different magnetic properties 
due to the different types of interactions present between microscopic magnetic mo-
ments. The understanding of the quantum mechanical nature of magnetism has led to 
the development of new magnetic materials and new technology such as spintronics. 
Among the many magnetization detection techniques, magneto-optics (MO), due 
to its origin, is a powerful spectroscopic tool for probing the magnetic aspects of 
electronic structure of matter. The magneto-optical Kerr effect (MOKE) is partic-
ularly useful for probing magnetic thin films and surfaces. It also has a number of 
applications in microscopy, magnetic sensing and information storage technology. 
This dissertation first describes the construction of a novel and versatile Kerr spec-
trometer with the full capabilities of magnetic field, temperature, and photon energy 
scanning. This apparatus was utilized to investigate two types of novel ferromag-
netic materials, namely, Gai_xMnxAs and Fei/4TaS2- Systematic Kerr measurements 
were carried out within the magnetic field, temperature, and photon energy ranges 
of -1980 - +1980 G, 4 - 300 K, and 1.24 - 3.10 eV, respectively. 
Chapter 2 reviews the basic concepts and principles of magneto-optics. MO ef-
fects, i.e., Faraday effect, Kerr effect, and magnetic dichroism, are explained through 
magnetization-induced broken symmetry and mathematically expressed with the di-
2 
electric tensor. Chapter 3 is devoted to the experimental techniques and detection 
scheme. The characters of each important component are discussed in detail. Ex-
perimental results are contained in Chapters 4 and 5. Chapter 4 starts with an 
introduction to the Mn-doped ferromagnetic semiconductors, including preparation 
methods, crystal structure, ferromagnetism therein, previous magneto-optical stud-
ies, and the remaining issues and open questions. Kerr spectral results are then 
presented and compared with calculations carried out by our collaborators at Texas 
A&M University. In a similar format, Chapter 5 deals with the dichalcogenide ferro-
magnet Fei/4TaS2. Due to the lack of band structure knowledge, the observed Kerr 
spectra are crudely explained using the difference of spin-dependent density-of-states. 
Abnormal hysteresis loops were observed and can be fitted by the sum of two error 
functions. However, the microscopic physical origin of the anomalous hysteresis is 
still elusive. 
3 
Chapter 2 
Basic Principles of Magneto-optics 
Magneto-optical (MO) effects refer to a class of phenomena in which properties of 
light are changed when it interacts with magnetized media. In this chapter, we review 
the phenomena and origins of these MO effects. 
2.1 Magneto-optical effects: Phenomenology 
Faraday rotation (FR) is observed as a rotation of the polarization plane when linearly 
polarized light passes through a transparent magnetic medium. It was first studied 
by Michael Faraday in 1845, who showed that the polarization plane rotated when 
light passed through a piece of glass in a magnetic field. A related phenomenon 
(Kerr rotation), which occurs when light is reflected at the surface of a magnetic 
medium, was foimd by John Kerr in 1875. The physics underneath both of them 
is that the normal modes of light propagating in magnetic materials, which are left 
circularly polarized (LCP) light a+ and right circularly polarized (RCP) light a~, have 
different refractive indices. Thus, the transmitted (reflected) a+ and a~ light usually 
experience different loss and acquire different phases. Passing two orthogonal a± 
with the same amplitude through a magnetic medium therefore results in elliptical 
polarization. The major axis of the ellipse is rotated by an angle with respect to 
the incident light, and it is the so-called Faraday (Kerr) angle. Ellipticity describes 
the flattening of the ellipse, and it is defined as the ratio of the minor and major 
axes. Magnetic circular dichroism (MCD) is usiially defined as the difference of the 
absorbance between a+ and a~ light. From the definition itself, we can see that MCD 
has the same physical origin as the Faraday and Kerr rotation. 
2.2 Electromagnetic waves in magnetic materials 
In an isotropic material, an electromagnetic wave that is propagating in the z-direction 
can be expressed as a plane wave 
E = Eexp(ik-z-iut), (2.1) 
where the wave vector 
|k| = y/JHuj = NUJ/C, (2.2) 
iV is the index of refraction of the material, /J and e are magnetic permeability and 
electric permittivity, respectively. 
Let us consider a magnetic material with magnetization M in the 2-direction. 
The magnetic permeability fi and the dielectric permittivity e become anisotropic, 
and they adopt a tensor form. Generally, the effect of // is small on optical phenomena, 
and thus, it can be assumed that /i = /i0 l where /i0 is the magnetic permeability in 
vacuum and 1 is a unit tensor. The dielectric permittivity tensor of this magnetic 
material has the following form [1], 
e = 
£xx &xy " 
^xy &xx ^ (2.3) 
\ 0 0 ezz J 
where £„• = e^+ie^- (i,j = x, y, z), and they satisfy the Onsager relations £ij{—M, D) = 
£ji(M.,(j). The Onsager relations are expected from the invariance of the dielectric 
tensor with M reversal. As we will see later, the off-diagonal elements dominate the 
magneto-optical response. For simplicity, let ns assume that the light propagation 
direction is parallel to M. Solving the Maxwell equations 
V x E = - / i 0 — , (2.4) 
V x H = -eoe-£, (2.5) 
we get the nonzero solutions for the electric vector of light eoN±(Ex ± iEy), i.e., a 
right and left circularly polarized light with complex indices 
Nl =exx±\exy. (2.6) 
2.3 T h e Faraday effect 
Linearly polarized light can be treated as a superposition of a± with the same am-
plitude. After entering a transparent magnetic medium, the LCP and RCP modes 
propagate in the medium with different velocities due to the slightly different refrac-
tive indices. Figure 2.1(b) illustrates the situation. At the exit surface, the LPC and 
RPC modes experience different degrees of attenuation and also gain a phase retarda-
tion (LOI/C) • Re(Af+ — AL), where I is the travel length within the magnetic material, 
and c is the speed of light in vacuum. LCP and RCP then propagate in vacuum and 
possess the same indices N = 1. Thus, the output wave can be expressed as 
E = [E+ exp(i—AM + E_ exp(i—AMI • e x p ( — - kjt). (2.7) 
c c c 
This is an elliptically polarized light wave with major axis [exp{—(u;Z/c) Im(AT+)} + 
exp{—(w//c)Im(A_)}] and minor axis [exp{—(wZ/c)Im(A+)}—exp{—(wZ/c)Im(A_)}]. 
The ellipse major axis is rotated from the initial incident polarization plane by 
6 
M*0 
(a) Magnetization M = 0 (b) Magnetization M * 0 
Figtire 2.1 : Origin of the Faraday effect when linearly polarized light passes through 
a transparent magnetic medium: (a) Magnetization M = 0. LCP and RCP modes 
of light have the same refractive indices n+ + ik+ = re_ + ifc_. The output beam 
is still linearly polarized although the intensity is reduced due to absorbance loss, 
(b) Magnetization M ^ 0. LCP and RCP modes have different refractive indices 
n + + ifc+ ^ n_ + ifc-. Generally speaking, the output beam is elliptically polarized. 
The angle 6 between the ellipse major axis and the initial incident polarization is the 
so-called Faraday rotation. 
(U}1/2C)BB(N+ — AL). Faraday rotation and ellipticity per unit length therefore can 
be written as 
9F = ~Re(N+-N_), (2.8) 
eM-(u;/c)lm(N+)} - exp{-(uj/c)lm(N.)} 
F
 exp{-(Lu/c)lm{N+)} + exp{-{cu/c)lm(N_)}' { ' 
Equation (2.9) can be simplified as 
eF = tanh[-^Im(7V+ - JV_)]. (2.10) 
In a transparent material, the absorption is usually small, which means that lm(N±) 
is a small number. Hence, the Faraday ellipticity can be further simplified as 
eF « ~hn(N+ - N_). (2.11) 
Let n± and K± be the real and imaginary parts of N±, respectively, and introduce 
n = (n+ + n_)/2, K = (K+ + K _ ) / 2 , An = (n+ — n_)/2, and AK = (K+ — « - ) /2 . AS 
long a s n > / c holds (true for transparent media), we can derive from (2.6) 
0F « - | . % ( 2 , 2 , 
CF « -|4- (2.13) 
2.4 Circular dichroism and magnetic circular dichroism 
In nature, there is a class of optically active materials in which the normal modes of 
optical wave are circularly polarized. These materials usually contain chiral molecules 
or elementary crystal cells that have two mirror image configurations. The famous 
examples are glucose solutions and and crystalline quartz. It is called circular dichro-
ism (CD), and the absorption of LPC and RPC light are different in these birefringent 
materials. In the presence of a magnetic field, the optically non-active materials can 
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also exhibit CD, which is due to the broken symmetry induced by the magnetic field. 
The fundamental difference between natural CD and magnetic CD is that the former 
is reciprocal while the latter is not. Namely, when light travels along the same path 
but in the opposite directions in natural CD materials, the polarization rotation is 
canceled exactly, while in magnetically induced CD materials, the polarization rota-
tion doubles. In analogy to CD, MCD is the different absorbance between LPC and 
RCP [2, 3] 
MCD = A+- A- (2.14) 
The absorbance 
A± = -log l 0(f) 
= - logi 0exp[ Im(JV±)] 
= 21og10(e)^Im(JV±). (2.15) 
So MCD per unit length is given by 
MCD = 21og1 0(e)-Im(JV+-iV_). (2.16) 
Compared to Eq. (2.11), 
MCD = -41og 1 0 ( e )e F «-1 .74c F . (2.17) 
2.5 The Kerr effect 
The magneto-optical Kerr effect (MOKE) was discovered in 1875 by the Scottish 
physicist Reverend John Kerr [4, 5]. It is an MO effect that happens in reflection. 
Due to the thin penetration depth of light, MOKE is very sensitive to the surface 
layer and has been used to study magnetic surfaces or thin films for decades. There 
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Figure 2.2 : Three geometries for magneto-optical the Kerr effect, (a) Polar Kerr 
effect; (b) longitudinal Kerr effect; and (c) transverse Kerr effect. M is the magneti-
zation vector. 
are many applications of MOKE such as magnetic domain imaging, dynamic control 
of magnetic film growth, and disk reading and writing in information technology [6]. 
Depending on the direction of the magnetization vector M with respect to the 
reflection surface and the plane of incidence, three orientations are defined for MOKE: 
polar, longitudinal, and transverse orientations. As illustrated in Fig. 2.2, the three 
cases correspond to (1) M perpendicular to the plane of the surface, (2) M parallel 
to both the reflection surface and the plane of incidence, and (3) M parallel to the 
surface and perpendicular to the plane of incidence. 
For simplicity, let us consider the polar Kerr effect and suppose that the polar-
ization of the incident beam is along the rr-direction. From the Fresnel relation, the 
reflection coefficients are 
Similar to the analysis for Faraday rotation, we can write out the equation for the 
reflected wave as 
E = [E + r + + E_r_] • exp(i— - xut). (2.19) 
Again, the tip of the electric vector describes an ellipse. Let the electric field of the 
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incident beam be one, i.e., E x = 1. Then E± in the above equation are given by 
(x ± iy)/2. Substituting this into the equation, we get 
B - * f c t + l O + , ! f c t Z l = ) . (2.20) 
The Kerr angle 6K and ellipticity eK, which specify the orientation and flattening of 
the ellipse, respectively, satisfy the following relation in the limit of small values: 
a • ;, _ i(r+ — r_)/2 
e
*
 +
 "K~ (r+ + r _ ) / 2 - ( 2 - 2 1 ) 
Applying Eq. (2.18), 
Therefore, 
UN+-N-) 
'^•""(HX-V (2'22) 
N+N_ — 1 n(n2 — 1) 
€K
 ~
 Re1^7 7 ~ - / r
 1 V 2-24 
iv+AL — 1 n ^ — 1) 
From Equations (2.13), (2.17), and (2.23), we can see that Faraday ellipticity, 
MCD, and Kerr rotation are all proportional to the real part of the off-diagonal com-
ponents of dielectric tensor. Thus, these three carry the same physical information. 
In many cases, the Kerr effect is used to study ferromagnetic metals in which the 
conductivity a is commonly used instead of the dielectric tensor. Since a and e are 
related by 
Airi 
e = 1 + er, (2.25) 
we have 
E-xx -*• ~r ^xxi &xy — ^xy ^Z.ZOJ 
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Substituting the above equations in Eqs. (2.6) and (2.22), straightforward algebra 
yields 
QK = 0K + ieK ~ . ^ . , • (2.27) 
2.6 Microscopic origin of MO effects 
Magneto-optical effects are explained with the dielectric tensor or conductivity tensor. 
Both quantities have a quantum mechanical origin, and can be calculated given the 
Hamiltonian H for a ferromagnet. Optical light, which is AC electric field, can be 
treated as a small perturbation. Let En(k) be the band energy, and \nk) be the 
electronics states. Then, following the book by Ashcroft and Mermin [7], the AC 
conductivity for each band can be written as 
— O^v 
m 
Ink) 
,(k) ,(2.28) 
h4 y > /(nklV^n'kKre 'klV^nk) {nk.\Vv\rils)(rik\Vll\\ 
^2 2^ y hw + En(k)- En,(k) + -hu; + En(k) - En>( 
where fx and v denote coordinates, n represents the band, and f(En(k)) is the Fermi-
Dirac distribution function. The conductivity tensor a is the sum of contributions 
from each band: 
<7 = £ V n > . (2.29) 
n 
With these above equations, we can see that magneto-optical effects have their roots 
in the spin-split electronic band structures. The conventional SQUID magnetometers 
measure the total magnetization without differentiating different phases and clusters, 
and thus, cannot tell any microscopic structure of the samples. While the Hall effect is 
sensitive to carrier dynamics only within the vicinity of the Fermi surface. Compared 
to these detection methods, MO measurements excel in providing information about 
transitions between different electronic bands. 
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Chapter 3 
Experimental Methods 
The aim of this chapter is to present the magneto-optical spectroscopy setup used 
in this dissertation work and to discuss the important characteristics of each com-
ponent such as the light source, photo detector, cryostat, magnet, and photo-elastic 
modulator. 
3.1 Experimental setup: overview 
The layout of the experimental setup is schematically shown in Fig. 3.1. A 100 W 
Xenon lamp (Newport, Inc.) is used as a white light source. Light is focused though 
the SP150 monochromator (Acton, Inc.) and then collimated by a lens. A broadband 
Glan-Thompson polarizer (GTP) makes the incident light linearly polarized. In Kerr 
measurements, the light beam impinges on the sample at nearly normal incidence (less 
than 5°). The reflected beam transmits through a photo-elastic modulator (PEM, 
Hinds Instruments) and another GTP before it hits the photo-detector. The sample 
is mounted in a liquid-helium flow cryostat (Cryolndustries, Inc.) capable of achieving 
temperature as low as 4 K. In Faraday measurements, the setup is the same except 
that the PEM and the second GTP are set up inline after the sample so that the 
transmitted light is collected. Figure 3.2 is a picture of the setup. 
In polar MOKE measurements, a magnetic field is applied by setting up a perma-
nent cuboidal magnet on a motorized stage to control its distance from the sample. 
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Figure 3.1 : A schematic of the MO experiment setup. White light from the Xe lamp 
passes through the spectrometer and then is polarized by a Glan Thompson polarizer 
(GTP) before being focused onto the sample. The cryostat is used to keep the sample 
at low temperature. The permanent magnet is mounted on a motorized stage in order 
to set up a proper magnetic field at the sample. The reflected light passes through 
the PEM and the analyzer. The light intensity is measured by a silicon detector and 
demodulated by two lock-in amplifiers. 
fcifofci 
i-^m 
Monociiromator 
Figure 3.2 : A picture of the experimental setup. Red lines indicate the light path. 
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Figure 3.3 : Spectral irradiance of three Oriel Arc Lamps (Newport Inc.) [8]. Model 
6257 is the one chosen for our experiments. 
The analog signal from the detector is double modulated by the mechanical chopper 
(< 1000 Hz) and PEM (multiples of 50 kHz). The signal is then fed into a pre-
amplifier and two lock-in amplifiers (SR830, Stanford Research Systems, Inc.) which 
demodulate the signal. One lock-in amplifier is referenced to the chopper frequency 
to provide a measurement of Vchap- The second lock-in amplifier is referenced to the 
PEM frequency to record V2/. Data are recorded through home-developed LabVIEW 
programs. 
3.2 Light source and detector 
The light source used was an Oriel 100 W Xenon lamp (Model No. 6257) from New-
port, Inc. Figure 3.3 shows the spectra for this lamp together with several other lamps. 
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Figure 3.4 : Typical spectral responsivity curve [9] for high speed silicon detector 
(DET110) from Thorlabs, Inc. 
Model 6257 has a relatively flat irradiance spectrum over a large spectral range 300 -
2400 nm except within 800 -1000 nm. The nearly constant power over a wide spectral 
range makes this an ideal source since there is no need for adjusting the pre-amplifier 
gain during a wavelength scan. The lamp is housed in an aluminum enclosure (Model 
No. 66902) with an adjustable rear reflector and a condenser to collimate the beam. 
The power siipply used is Oreil 69907 Universal Arc Lamp Power Supply, which au-
tomatically adjusts the voltage and current to ensure constant-power-delivery to the 
lamp. 
A high-speed silicon photo-detector (DET110) was used as the detector. The unit 
comes with a photodiode and internal 12 V bias battery enclosed in a ruggedized 
aluminum housing. The silicon photodiode has a spectral response for 350 - 1100 nm 
as shown in Fig. 3.4. The BNC output signal is the direct photocurrent out of the 
photo-diode anode and is a function of the incident light power P and wavelength 
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Figure 3.5 : Measured ratio of AC responsivity curves for two different modulation 
frequencies, i.e., double PEM modulation (100 kHz) and chopping modulation fre-
quency (< 1 kHz). 
A. With a load resistance Rioad (or current preamplifier), the current signal can be 
converted to a voltage signal with the expression 
V0 = Px 9t(A) x Rload, (3.1) 
where 91(A) is the responsivity curve shown in Fig. 3.4. However, due to the finite 
bandwidth of the circuit, 91(A) needs to be modified depending on the AC signal 
frequency / . Figure 3.5 shows the ratio of AC 91(A) for two different frequencies, 
namely, double PEM modulation 100 kHz and chopping modulation frequency (< 
1 kHz). As one can see, 9t(A) is the same for the two modulation frequencies from 400 
to 800 nm but 9t(A, 100 kHz) gradually decreases towards the ends of the spectrum. 
In other words, the bandwidth of the detector is larger than 100 kHz within 400 -
800 nm but smaller than 100 kHz otherwise. In our MO measurements, this ratio 
curve was used in order to get the correct angle results (see Section 3.5). 
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Figure 3.6 : Magnetic field distribution along the ^-direction. Squares represent the 
measured magnetic field and the solid line represents the theoretical fitting with the 
formula given in Ref. [10]. Inset: dimensions of the cuboidal magnet used in the CW 
MOKE experiments. 
3.3 Magneto-optical cryostat 
The continuous flow cryostat used was a product from Cryo Industries of America, 
Inc. (Model No. CFM2104NG). It is designed for narrow gap application with a small 
cross section of 1.125" x l " . The sample mount is an adjustable copper screw that 
can bring the sample very close to the front window. The window material was made 
of clear fused quartz with high transmittance percentage from 280 nm out to 2 /im. 
The strength of the magnetic field at the sample was controlled by adjusting the 
distance between the sample and the magnet, while the direction was controlled by 
a rotary stage flipping the magnet. For a cuboidal magnet of dimensions L xW x H 
(L > H), the magnetic field distribution along the transverse symmetry axis (as 
• Experiment 
Theory fit 
air gap x 
H=1" 
h~;—^H* w=2" 
L=2" 
-J I L-
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shown in the inset of Fig. 3.6) is given by [10] 
r7, H0 r ( LW \ 
Hix) = — arctan . 
— arctan ( . 1 , (3.2) 
V2(# + x)y/4(H + x)2 + L2 + W2^ 
where HQ is a constant and x is the air gap between the magnet and the sample. 
For our experiment, L = W = 2 inches and H = 1 inch. As an illustration, the 
measured magnetic field data are plotted together with the theoretical calculation 
with HQ = 12500 Gauss in Fig. 3.6. During experiments, the sample was on this 
transverse symmetry axis, and the formula (3.2) was imported into the Lab VIEW 
program which controled the position of the magnet during the measurements, i.e., 
the magnetic field at the sample spot. 
3.4 Photo-elastic modulator (PEM) 
A photo-elastic modulator (PEM) is a device that can modulate the polarization of 
light. It consists of a transparent solid bar attached to a piezoelectric transducer. 
The bar vibrates at a natural frequency / determined by its dimensions and speed 
of sound in the medium. The transducer is timed to oscillate at this frequency. By 
controlling the vibration amplitude of the transducer, either a pressure or tension is 
applied on the bar and makes it birefringent. A retardation between two orthogonal 
linear polarizations will be induced as light passes through the transparent bar. This 
retardation 5 is proportional to the thickness z of the bar as well as the difference of 
the two refractive indices nx and ny. 
5{t) = z[nx{t) - ny{t)} 
= 50 sm{2nft). (3.3) 
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As can be seen from the above equation, the retardation changes sinusoidally with 
frequency / . The peak retardation So is determined by the amplitude of oscillation. 
Two cases of special interest are when So reaches one quarter and one half of the 
wavelength of the light. They are then called quarter-wave and half-wave retardation, 
respectively. 
Photo-elastic modulators have been used widely in highly sensitive polarization-
dependent measurements. Next we are going to discuss how a PEM serves our purpose 
of measuring the Faraday effect, Kerr effect as well as MCD. 
3.5 Measurement of magneto-optical effects with P E M 
From last section we know that with linearly polarized incident light, the Faraday and 
Kerr effects are similar to each other in the sense that a small polarization component 
orthogonal to the original polarization has been generated. Complex Kerr rotation 
has been given by 
E „ \ _ i (AT + - JV_) 
A similar result applies for Faraday rotation. We deduce from Eqs. (2.7), (2.8), and 
(2.10) that 
E y \ . exp(\u;N+/c) — exp(iu;iV_/c) 
E x y F exp(iu;N+/c) + exp(iu;AL/c) 
exp[2i(flF + ieF)] - 1 
exp[2i(0F + ieF)] + l- {°- ] 
With small values of #F and eF, we have 
Ey\ _ . 2i(0F + ieF) 
. . i = -9F - ieF. (3.6) 
So let us combine the analysis for Kerr effect and Faraday effect by 
^ = e + ie. (3.7) 
HIT 
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Figure 3.7 : Diagram illustrating a polarization detection scheme with a photo-elastic 
modulator (PEM). Sample introduces an electric component Eyy orthogonal to the 
linear polarization direction of the incident light 1 • x. The PEM causes an oscillating 
phase retardation elS between the two polarizations. The analyzer is set at 45° with 
respect to the PEM axes. The expressions in the bottom line describe the electric 
vector after each component. 
With this same form, these two effects can be measured in the same way. Because 
MCD is exactly the same as ep except a constant coefficient, it can be measured the 
same way. 
Figure 3.7 illustrates the idea of the universal detection scheme. The sample 
changes the incoming light 1 • x to (Exx + Evy). The following PEM causes a time-
varying phase retardation 5 = 5o sin(27r/t) between Ex and Ey. The light then passes 
an analyzer whose optical axis is 45° with respect to the PEM axes. A photo detector 
after the analyzer then detects the intensity as 
/ = ^ |£ xe i 5cos(45 0 )+£,s in(45°) | 2 
-
 1JBX|2
 |ei5 + (0 + ie)|2 
4 
= io(l + 02 + e2 + 20cos<5 + 2esin<5). (3.8) 
Since 
21 
cos6 = cos(S0 sin(27r/i)) = 30(50) + 2J2(<50) sin(47r/i) + • • • , (3.9) 
sin<5 = sin(<50sin(27r/i)) =2J1(50)sin(27r/i) + --- , (3.10) 
where J„ is the nth Bessel function. We can thus write 
/ = /o[(l + ^2 + e2 + 2Jo(5o)^) + 4J1(50)esin(27r/i)+4J2(5o)6sin(47r/i) + - - - ] . (3.11) 
It is a DC component superimposed with higher frequency sinusoidal signals, and 
the signals at the fundamental and second harmonic frequencies are proportional to 
9 and e, respectively. We denote the DC, first and second harmonic frequency signals 
by IDC, If-, and 72/, respectively. Neglecting the small terms in the DC component 
IDC ~ h, (3-12) 
/ / = 4/0Ji(50)esin(27r/t), (3.13) 
hi = 4/oJ2(<5o)0sin(47r/i). (3.14) 
Thus, Kerr/Faraday rotation and ellipticity can be derived from the ratio of the 
harmonic signals to the DC signal. With a phase sensitive detector (lock-in amplifier), 
RMS voltages of If and 72/ c a n be easily measured 
Vf = 4/0Ji(<J0)e/V2, (3.15) 
V2f = 4I0J2(60)9/V2. (3.16) 
With a mechanical chopper, DC signal can also be measured simultaneously with a 
lock-in amplifier. The chopped light is a square wave as shown in Fig. 3.8. Vo is the 
noise signal when the beam is blocked by the chopper and V\ is the signal detected 
when the chopper is open. A Fourier series expansion of the square wave can be 
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Figure 3.8 : A square wave of chopped DC signal. The magnitude is Vj. with a 
background signal of VQ. Chopping frequency is 1/T. 
written as [11] 
1 oo oo 
V{t) = -a0 + ^2an cos(nu0t) + ^ bn sin(nw0i), (3.17) 
where 
n = l n= l 
ia0 = V0 + lVu 
an = 0, 
h
n = % Jo V(t) sm(nLU0t) dt. 
by = 2Vi/ir, hence the measured RMS voltage Vchop = 2Vi/\/2vr. The continuous 
signal IDc = V\ = {n/V2)Vchop- If we remember now that the signal is chopped with 
a 50% duty cycle, we find that If and I2f reduce to half of the vahies in (5.4) and 
(3.14). Thus, Eqs. (3.15) and (3.16) are revised as 
Vf = ^x4I0J1(50)e/V2, 
V2f = ^x4I0Ji{50)6/V2. 
The Kerr and Faraday rotation and ellipticity can be found to be 
1 V2f 0 K,F 
£K,F 
7rJ2(<50) Vchop' 
1 Vf 
7rJi((50) Vchop 
(3.18) 
(3.19) 
(3.20) 
(3.21) 
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Because the detector has different responsivities at the 2 / frequency and chop fre-
quency, the final expressions are 
_ 1 V2f W(2/) 
K
'
F
 ~ 7rJ2(S0)'Vchop'^(chopy {6-Z2) 
(•K F = — T s c \ ' 77 ' 7C77—i 7- (3 .23) 
7rJi(d0) Vchop v\{chop) 
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Chapter 4 
Magneto-optical Kerr Spectroscopy of Mn-Doped 
Ferromagnetic III-V Semiconductors 
Spintronics is a new branch in information technology which exploits the applica-
tion of the spin degree of freedom in semiconductors in addition to charge as in the 
conventional electronic devices. In a functional spintronic device, it is required that 
free charges (conductivity) and aligned spins (magnetization) co-exist. This has been 
achieved in metal-based devices by simply passing current through a ferromagnetic 
material to create a spin polarized current. However, the very low efficiency of such 
spin current injection from ferromagnetic metals to semiconductors sets an obstacle in 
the development of semiconductor-based spintronic devices. It has fueled the research 
in the diluted magnetic semiconductors (DMS) to search for spontaneous magnetic 
semiconductor compounds. The breakthrough was the discovery of carrier-induced 
ferromagnetism in the low-temperature molecular beam epitaxy grown (LT-MBE) 
Mn-doped III-V semiconductors [12, 13, 14]. These III-V based semiconductor alloys 
quickly draw wide attention because of the combination of ferromagnet and semicon-
ductor by nature. A series of fundamental studies of its ferromagnetism have been 
initiated. Our focus here is the physics, and therefore, we will concentrate mainly on 
the properties of one prototype GaMnAs in this chapter. 
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4.1 Mn-doped (III,Mn)V semiconductors 
4.1.1 Preparation and crystal structure 
Low-temperature molecular beam epitaxy (LT-MBE) and ion implantation followed 
by pulse-laser melting (II-PLM) are the two established methods to synthesize (III,Mn)V 
compounds. Due to the low solubility of Mn in III-V host semiconductors, it is difficult 
to incorporate a high concentration of Mn and preserve the single crystal structure. 
In LT-MBE, a thin layer of GaAs is first grown on top of a substrate of (OOl)-oriented 
GaAs at normal substrate temperatiire (Ts), which is usually around 580 — 600° C. 
An epilayer of GaMnAs is then grown at lowered Ts ~ 250° C by releasing Mn into 
the MBE chamber. The low substrate temperature prevents the formation of a MnAs 
second phase, while still providing sufficient thermal energy for single crystal epitaxy 
growth [15]. The first successful single crystal growth of (III,Mn)V with excess Mn 
by LT-MBE was demonstrated in an InMnAs film with nominal Mn concentrations 
x < 0.18 in 1989 [12]. The film was n-type and predominantly paramagnetic. Homo-
geneous p-type ferromagnetic InMnAs and GaMnAs [16, 13, 17] were reported in the 
following few years. Figure 4.1(a) is the hysteresis observed in Hall resistance pHaii 
and resistivity p in a 1.3-/zm-thick In0.987Mno.0i3As DMS layer [13]. Figure 4.1(b) 
shows the magnetic field dependence of magnetization at 5 K for a (Ga,Mn)As film 
with Mn content x = 0.035 [17]. The clear square hysteresis indicates a well-ordered 
ferromagnetic structure present in the film. The inset of (b) shows the tempera-
ture dependence of the remanent magnetization of the same sample, and a transition 
temperature of 60 K is clearly observed. 
The alternative way for preparing Mn-DMS systems, II-PLM, has been developed 
in recent years [19, 20, 21, 22]. Although Mn ion implanting in a III-V host material 
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Figure 4.1 : (a) Hysteresis in Hall resistance pHaii and resistivity p in a 1.3-p.m-thick 
Ino.987Mn0.oi3As DMS layer grown by LT-MBE [13]. (b) Magnetic field dependence 
of magnetization at 5 K for a (Ga,Mn)As film with Mn content x = 0.035. The field 
was applied parallel to the sample surface. Inset is the temperature dependence of 
the remanent magnetization of the same sample showing a transition temperature of 
60 K [17]. 
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Figure 4.2 : The process of ion implantation and pulsed-laser melting [18]. The Mn 
ions are first accelerated and injected into the substrate forming an amorphous thin 
layer with high Mn concentration. Pulsed-laser melting serves as an annealing process 
to remove the amorphous structure. 
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has been explored as early as the nineties by Shi [23, 24] and others, the correct post-
growth processing method was not discovered until 2003. During the implantation 
process, the desired dopant Mn ions are accelerated and injected into the substrate. 
They form an amorphous thin layer with a high Mn concentration. Shi et at. then 
processed the samples with rapid thermal annealing, resulting in random MnGa pre-
cipitates. Ferromagnetism therein was due to these small second phase magnetic 
clusters that persisted to above room temperature. Pulse laser melting, the other 
post-growth processing which was experimented by Scarpulla et al. paved the way 
to achieving crystalline (III,Mn)As [19]. In this method, short UV laser pulses (~ns) 
were used to deposit large amounts of heat in the wafer in a very short period of 
time, leading to an ultrafast melting and solidification in the implanted layer. A sin-
gle crystalline ferromagnetic Gai_xMnxAs film was formed as a result. The complete 
process is illustrated in Fig. 4.2. Figure 4.3(a) presents [001] channeling Rutherford 
backscattering spectrometry (c-RBS) data from a sample before (as-implanted) and 
after laser irradiation [19]. c-RBS from the as-implanted sample reveals a ~2500-A 
layer of amorphous GaAs (with yields similar to the spectrum measured at random 
incidence). After PLM, the channeled yield of this surface 2500-A layer drops dra-
matically, reflecting the epitaxial regrowth of the implanted region. While the yield 
from the regrown layer is slightly higher than that of the virgin wafer - indicating the 
presence of structural defects - a single crystal layer has been achieved. Figure 4.3(b) 
shows the temperature variation of magnetization for a GaMnAs sample grown by 
the II-PLM method, revealing a Tc of 64 K. The inset in the upper corner shows a 
typical hysteresis for the same sample at 5 K. 
An ideal single crystalline film of Gai_xMnxAs should preserve the zinc blende 
structure with Mn dopants in Ga cites (Mnca)- The lattice constant determined 
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Figure 4.3 : (a) [001] c-RBS spectra from a sample implanted at 150 and 300 keV 
and irradiated at 0.41 J/cm2 . The channeled spectrum before irradiation coincides 
with the random spectrum to a depth of ~2500A indicating full amorphization to 
this depth during ion implantation. The spectrum from an unimplanted GaAs wafer 
is presented for reference [25]. (b) Temperature variation of magnetization with an 
applied field of 50 Oe for a Gai_3;MnxAs sample produced using II-PLM. The Tc 
of 64 K is indicated by the arrow. Insets show the temperature variation of sheet 
resistivity and magnetization vs. applied field at 5 K for the sample depicted in the 
main panel [20]. 
Substitutional Mn Interstitial Mn Random clusters 
Figure 4.4 : Lattice locations of Mn: substitutional, interstitial and random clus-
ters [26]. Black circle: Ga; white circle: As; red circle: Mn. 
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by x-ray diffraction (XRD) [17, 27] obeys the Vegard's law as a linear function of x 
intercepting the GaAs and MnAs (hypothetical) lattice constants at x = 0 and x = 1, 
respectively. These divalent Mn atoms introduce holes and localized spins S = 5/2 
into the semiconductor host crystal. Because substitutional Mn is one charge less 
than Ga, it is little negative charged and resiilts in an effectively positive potential 
around it, forming an impurity state ~110 meV above the valence band [28, 29, 30]. 
Another common Mn-induced impurity state is formed when Mn impurities occupy 
tetrahedral interstitial sites surrounded by fcnir nearest Ga cations [31]. Interstitial 
Mn, acts as a double donor, thus compensating two substitutional MnQa- Due to the 
strong Coulomb interaction between Mn* and Mnca , the mobile interstitial tends to 
pair up with Mnca , reducing the total magnetic moment [32]. It has been confirmed 
that post-growth annealing, which increases the Ciirie temperature and enhances 
the saturation magnetization, removes these metastable interstitials [33]. Figure 4.4 
summarizes the Mn impurity lattice sites. Another common deep donor impurity 
state in MBE GaAs is induced by As antisites. This defect-induced level is located in 
the middle of the GaAs energy gap, acting as an electron trap. It is thermally very 
stable [34] and thus cannot be removed by post-growth annealing. 
4.1.2 Carr ier - induced ferromagnet ism 
With the development of LT-MBE, various crystalline (III,Mn)V have been success-
fully prepared and studied. The properties of the epitaxial semiconductors are sensi-
tive to the growth parameters, especially the substrate temperature Ts and Mn com-
position x. Two pioneer research groups, Munekata group and Ohno group, studied a 
variety of (In,Mn)As and (Ga,Mn)As samples, and depicted the schematic phase dia-
grams for (In,Mn)As [35] and (Ga,Mn)As [27] , respectively. The phase diagrams are 
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presented in Fig. 4.5(a) and (b), respectively, showing a metallic region including both 
n-type and p-type homogeneous semiconductors. Ferromagnetism is only observed in 
p-type films near the metal-insulator transition (MIT) boundary [35, 16, 27]. A series 
of work by Munekata et al manifested the importance of holes in achieving ferromag-
netism in these DMS. The authors first carried out magnetization measurements for a 
p-type (In,Mn)As and a n-type (In,Mn)As (co-doped with Sn) with similar Mn com-
position [35]. Hysteresis behavior is clearly observed in the former but absent in the 
latter, as shown in Fig. 4.6. Further more, Munekata et al. studied the magnetization 
of a set of n-type heterojunctions of InMnAs/InAlAs/GaSb with different thicknesses 
of spacer InAlAs layer. Without the InAlAs spacer, the electron and hole carriers are 
spatially separated and confined in the InMnAs and GaSb layers, respectively, result-
ing a sharp ferromagnetic hysteresis as shown on the left in Fig. 4.7. With a thicker 
spacer InAlAs layer, the carrier separation effect is reduced, and the ferromagnetism 
disappears in the n-type InMnAs layer. These observations strongly confirmed that 
the ferromagnetic order is based on the existence of excessive holes. 
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Figure 4.5 : Schematic diagram of film properties in relation to growth parameters -
substrate temperature Ts and Mn composition x. (a) InMnAs [35] (b)GaMnAs [27]. 
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Figure 4.6 : Low-field magnetization data at 2 K for two samples with different 
conduction types. Field is applied perpendicular to the sample surface [35]. 
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Figure 4.7 : Hall resistance data at 4.2 K for three InMnAs/ InAlAs/AlSb structures 
with different InAlAs layer thickness ds. Field H is applied perpendicular to the 
interface [35]. 
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Carrier-controlled experiments have been conducted via electric and optical meth-
ods. Light-induced ferromagnetism was first demonstrated by Munekata et al. [36, 37]. 
Magnetization of an (In,Mn)As/GaSb heterostructure was measured before and after 
light irradiation, as shown in Fig. 4.8 (a). In the dark environment, the magneti-
zation was almost linear with an external field, which is a paramagnetic behavior. 
After being illuminated, a hysteresis loop is clearly observed, indicating the occur-
rence of ferromagnetic order. This light-induced ferromagnetism is explained by the 
type-II band gap alignment of the heterostructure, as depicted in Fig. 4.8(b). Photon-
generated electrons and holes are separated and accumulated in the GaSb layer and 
(In,Mn)As layer, respectively, leading to ferromagnetic order in the epilayer. Ohno 
et al. demonstrated carrier-controlled ferromagnetism using an electric method [38]. 
A field-effect transistor was fabricated with a thin layer of ferromagnetic (In,Mn)As 
as the conducting channel. The carrier concentration was varied by applying a gate 
voltage. Hall measurements (Fig. 4.9) revealed an enhancement of the hysteresis loop 
when a negative voltage (—125V) was applied and a decrease of hysteresis loop when 
a positive voltage (+125V) was applied. Both experiments proved that ferromag-
netism in these semiconductors are strongly related to the hole carrier density and 
also demonstrated the possibility to manipulate the ferromagnetism optically and 
electrically. 
At the same time, magnetic anisotropy of ferromagnetic (III,Mn)V semiconductors 
has also been confirmed to be controllable [40, 39, 41, 42]. Munekata et al. noticed 
that perpendicular ferromagnetic order existed in (In,Mn)As/Gai_2/Al2/Sb for all 0 < 
y < 1 but only for 0 < z < 0.15 in (In,Mn)As/AlSbi_zAs2 [40]. The authors thus 
proposed that the anisotropy was a magnetoelastic effect due to the strained lattice 
constant. Shen et al. [39, 41] observed similar effects in (Ga,Mn)As. With different 
33 
(a) 
•=• 0 . 8 -
e 0.4 
0 -
1 ™ 
•0.8 |-
-1 
(b) 
_ 
RI426 
-» « 
. . . • « ' 
~ 
1 " 1 T" ~ 
AFTBS IRRACHATtON , • • ' " ' 
, • * * \ . / B&ORE IRRADIATION 
.:;-' 
1 * ' 
J 1 1 
_ 
-
-
• 
•0.S 0 0.5 1 
MAGNETIC FIELD (T) 
Figure 4.8 : (a)Magnetization of (In,Mn)As/GaSb with nominal x = 0.06 before 
and after light irradiation, (b) Schematic band diagram of p-(In,Mn)As/GaSb het-
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Figure 4.9 : Sheet Hall resistance i?Haii versus field curves under three different gate 
biases at 22.5 K measured in DMS layer (In, Mn)As. When holes are partially 
depleted from the channel {VQ = +125 V), a paramagnetic response is observed (blue 
dash-dotted line), whereas a clear hysteresis at low fields (< 0.7 mT) appears as holes 
are accumulated in the channel (VQ = —125 V, red dashed line). Inset, the same 
curves shown at higher magnetic fields [38]. 
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Figure 4.10 : (a) Magnetic field dependence of magnetization M at 5 K for a 
(Ga,Mn)As film with x = 0.035, with the field applied parallel (solid circle) and 
perpendicular (open square) to the sample surface. The easy axis is in the plane, (b) 
Hall resistance, i?Haii> of (Ga,Mn)As/(In,Ga)As heterostructure as a function of B 
with an angle between B and the sample surface normal as a parameter. A square 
hysteresis loop was observed. The coercive field changes with the angle while the 
height of the hysteresis loop keeps unchanged, suggesting the easy axis of magnetiza-
tion is perpendicular to the sample surface. [39]. 
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buffer layers, the easy axis changed from an in-plane direction to perpendicular to the 
plane when the buffer layer lattice constant became larger than that of the (Ga,Mn)As 
layer, confirming that compressive and tensile strain led to in-plane and out-of-plane 
anisotropy, respectively. 
4.1.3 Previous magneto-optical studies of GaMnAs 
Magneto-optical spectroscopy is useful for studying spin-dependent electronic states 
in magnetic systems via polarization-dependent reflection and absorption, i.e., the 
MO Kerr effect (MOKE) and magnetic circular dichroism (MCD). Previous MO 
studies of GaMnAs [43, 44, 45, 46, 47, 48, 49, 50, 51], however, have produced 
much controversy regarding the nature of optical transitions involved, the location 
of the Fermi level (Ep), and the value and sign of the p-d exchange coupling con-
stant, Jpd- This is partly due to the fact that there is no clearly resolved band 
gap for GaMnAs over a broad doping range [52]. In addition, Mn induced impurity 
band/states, which is above the top of the valence band, has been investigated by 
many means [52, 53, 54, 55], and its existence is generally accepted. The possible in-
volvement of the impurity band (IB) in the optical transition makes the interpretation 
of MO spectra complicated. 
One of the commonly observed characteristics in MO spectra for ferromagnetic 
GaMnAs is that the sign of MO signal above the band-edge (~1.4 to ~2 eV) cor-
responds to greater absorption for right-circularly-polarized (CT~) light than for left-
circularly-polarized (<r+) light, which is opposite to (II,Mn)VI systems [56] as well as 
GaMnAs with low Mn doping. For an undoped semiconductor, an opposite sign of 
MO signal would indicate an opposite sign of exchange coupling. Szczytko et al. [44] 
proposed that the sign difference is a result of Ep being inside the VB in ferromag-
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netic GaMnAs while p-d exchange coupling is still antiferromagnetic (Jpd > 0) as in 
(II,Mn)VI; dtie to exchange splitting, the Moss-Burstein (MB) shift [57] is expected 
to become spin-dependent, and thus, the lowest-energy <J+ transition should occur at 
a large momentum, while the lowest-energy a~ transition should still occur near the 
zone center. Komori et al. also explained their MO data by adopting this model [46]. 
However, Lang et al. [47], in analyzing their MO data within a parabolic band model 
assuming that EF resides inside the VB, had to conclude that p-d exchange coupling 
is ferromagnetic (Jpd < 0); in order to explain their data quantitatively, they were 
also forced to introduce a dispersionless level of unclear origin inside the CB that 
would need to have a very large oscillator strength (three times larger than the usual 
VB-to-CB transitions). In order to identify the optical contribution from the IB, 
infrared spectra studies have been carried out as it probes electronic states near the 
Fermi surface. Burch et al. [52, 53] interpreted the observed peak around 0.2 eV by 
the VB to IB transition. On the contrary, Acbas et al. [51] measured the Kerr and 
Faraday effects in the infrared and explained their spectra with a VB-hole theory. 
In addition, Ando et al. [49] and Berciu et al. [50] both performed a MCD study on 
paramagnetic and low-Tc ferromagnetic GaMnAs samples. Ando et al. claimed that 
the MO features below 1.4 eV are likely to be related to impurity states. They in-
terpreted their above-band-edge spectra in ferromagnetic samples as being composed 
of a broad positive impurity-related background and negative and positive peaks as-
sociated with band-edge singularities (E0 a n d E0 + A0 critical points, respectively), 
concluding that Ep is in the Mn impurity band and there is no MB shift. Berciu et al, 
based on their sample-dependent analysis, proposed a unified interpretation of MCD 
spectra taking into account of both IB and VB contributions. Different from Ando et 
al, they concluded that the broad positive feature was due to VB to CB transitions 
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while the negative MCD near 1.4 eV, which occurred only when the sample was fully 
magnetized, was due to the IB-related transitions. 
4.2 Samples 
The three GaMnAs samples studied in this dissertation work were grown by low-
temperature molecular beam epitaxy (LT-MBE). They have a similar structure con-
sisting of a 50-nm epilayer of Gai_xMnxAs and a buffer layer of 1000-nm Ino.14Gao.86As 
on a GaAs (001) substrate. The sample structure is depicted in the inset of Fig. 4.11. 
Sample S-l had a nominal Mn content [x) of 0.01 and Tc = 30 K. Sample S-2 had 
a nominal Mn content of 0.024 and Tc = 45 K. The third sample S-3 was from the 
same wafer as S-2, but was further annealed in air at 190°C for four hours. Its Tc was 
increased to 70 K. Annealing is known to remove the interstitial Mn defects (Mrij) 
from LT-MBE GaMnAs, which will increase the effective Mn content (x) and the hole 
density p. As a donor, Mnj decreases the hole carrier concentration in the sample. 
Mnj also prefers to be antiferromagnetically coupled to substitutional Mnsu(), in which 
way it reduces the local spins in the lattice. Thus, we expect that sample S-3 has a 
higher concentration of holes as well as effective Mneff than S-2. With less Mn den-
sity, S-l has the least hole concentration among the three. The sample parameters 
are summarized of the sample parameters are listed in Table I. All the samples exhib-
ited an "out-of-plane" easy axis, i.e., the magnetization perpendicular to the sample 
surface. Temperature dependent magnetization of sample S-2 measured with a small 
perpendicular field of 50 Oe is shown in Fig. 4.11. Tc of 45 K is clearly observed. 
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sample 
X 
Tc(K) 
S-l 
0.01 
30 
unannealed 
S-2 
0.024 
45 
unannealed 
S-3 
0.024 
70 
annealed 
Table 4.1 : Gai_xMnxAs samples studied. S-3 is annealed and the other two are not. 
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Figure 4.11 : Temperature dependence of magnetization for sample S-2. A small 
magnetic field of 50 Oe was applied perpendicular to the sample siirface. Tc = 40 K 
is revealed. Inset: sample structure. 
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4.3 MOKE results 
MOKE measurements were performed in the polar geometry with the setiip described 
in Chapter 3. Spectra between 1.38 eV and 3.10 eV (400 nm to 900 nm) were studied. 
Samples were kept in a helium-flow cryostat, allowing us to vary the temperature (T) 
from 10 K to above Tc. An external magnetic field was applied perpendicular to 
the sample surface. The coercivity and saturation field were known to be less than 
200 Gauss for all three samples from SQUID measurements. Thus, the magnetic field 
was swept within the range between ±400 Gauss. 
A summary of the experimental results is presented in Fig. 4.12. Here, representa-
tive Kerr rotation data are shown for a Gao.976Mno.o24As sample (S-3) at 10 K when 
the magnetic field was swept between positive 400 Gauss and negative 400 Gauss. 
Strong variations of the Kerr angle are seen as a function of wavelength and magnetic 
field. Magnetic hysteresis is also evident by comparing the the down-sweep [in (a)] 
and up-sweep [in (b)] data. 
Hysteresis loops measured with 720 nm (1.72 eV) for sample S-2 and S-3 are 
compared in Fig. 4.13(a) at three temperatures, 10 K, 30 K, and 43 K. Generally, the 
annealed sample S-3 has a larger hysteresis loop than S-2 with both larger saturation 
Kerr angle and increased coercive field Hc. At low temperature (10 K), the difference 
between the two is relatively small - the remanent Kerr angles are 0.4° and 0.38°, 
respectively; the coercive fields are ~170 Gauss and ~130 Gauss, respectively. With 
increasing temperature, the difference becomes more and more pronounced. The 
sharp vertical switching near the coercive field indicates the high quality of the sample 
with strong perpendicular magnetization for S-2. Annealed sample S-3 also presents 
strong out-of-plane anisotropy although the change over Hc occurs at a slightly slower 
rate when compared to S-2. Figures 4.13(b) and 4.13(c) display the temperature 
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Figure 4.12 : Contour plot of the measured Kerr angle as a function of magnetic field 
and wavelength for an annealed Gao.976Mno.024As (S-3) at 10 K. Magnetic field was 
swept from +400 Gaiiss to —400 Gauss in (a) and reversed in (b). (c) A hysteresis 
loop with magnetic field swept from +400 to —400 Gauss (solid line) and from —400 to 
+400 Gauss (dashed line), (d) and (e) show wavelength dependence of remanent Kerr 
angle (i.e., no external magnetic field) for down-sweep and up-sweep, respectively. 
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dependence of remanent 6 K (at 1.72 eV) and Hc, respectively, for S-2 and S-3. It is 
clearly seen that Tc increases as a result of annealing. 
<D 
c 
< 
-300 300 -300 300 -300 
Magnetic Field (Gauss) 
300 
0 20 40 60 0 20 40 60 
Temperature (K) Temperature (K) 
Figure 4.13 : (a)Hysteresis loops (720 nm) detected for sample S-2 and S-3 at 10 K, 
30 K and 43 K. Annealed sample S-3 exhibits larger saturation Kerr angle and coercive 
field at all temperatures. Temperature dependence of the (b) remanent Kerr angle 
and (c) coercivity for S-2 and S-3. 
Photon energy dependent hysteresis loops, 6K versus H, for sample S-2 are pre-
sented in Fig. 4.14. For each photon energy, three hysteresis loops measured below Tc 
(T = 10 K, 30 K, and 41 K) are displayed, and the size of the loop is seen to shrink 
with increasing temperature. At each temperature, the vertical size of the hysteresis 
loop (i.e., the remanent 6K) shows considerable variation with photon energy, while 
its horizontal width (i.e., the coercivity Hc) remains constant. As we can see, the 
hysteresis loops are sharp and well-defined at most photon energies but disappear at 
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2.30 eV and 2.70 eV, although the temperature is below Tc. In addition, the sign of 
remanent 6K depends on the photon energy. With the same sweeping direction, the 
hysteresis loop at 2.53 eV varies in the opposite way to that at 2.07 eV and 2.82 eV. 
o 
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< 2.30 eV 
2.82 eV 
J L 
-300 -200 -100 0 100 200 300 
Magnetic Field (Gauss) 
Figure 4.14 : Temperature dependent hysteresis loops detected with different photon 
energies for sample S-2. Both the magnitude and sign of the remanent Kerr angle 
change with photon energy. For clarity, the hysteresis loops are vertically offset. 
Remanent Kerr spectra (6K at H = 0 versus photon energy) for sample S-3 at 
various T (from 10 K to 75 K) are shown in Fig. 4.15(a). Above Tc, there is no Kerr 
signal left. Below Tc, each spectrum contains a pronounced positive peak at ~1.72 eV 
and a weaker positive peak at ~3 eV. The spectrum flips signs in the range of 2.4 
- 2.7 eV. With increasing temperature, the main 1.72 eV peak remains in the same 
spectral position, while the magnitude decreases and finally disappears above 70 K. 
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Spectra for S-l and S-2 were essentially the same as S-3, except that the main peaks 
occurred at slightly lower energies. Spectra for all three samples at 20 K are plotted 
together in Fig. 4.15(b). We clearly see that the main peak shifts from 1.65 eV in S-l 
to 1.7 eV in S-2 and to 1.72 eV in S-3, due to increasing Mn content (S-l to S-2 and 
S-2 to S-3) and annealing (S-2 to S-3). 
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Figure 4.15 : (a) Remanent (H = 0) Kerr spectra at different temperatures for S-3. 
(b) Remanent Kerr spectra at 20 K for S-l, S-2, and S-3. The main peak at 1.7 eV 
shifts to higher energy with increasing Mn content and annealing. 
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4.4 Theoretical simulations 
To model the MO response of our samples over a broad spectral range, our collab-
orators at Texas A&M (A. A. Belyanin, Y. Cho and A. K. Wojcik) calculated the 
band structure of GaMnAs below Tc over the first Brillouin zone using the Hamil-
tonian H = H0 + Hex, where HQ is a 30-band k- p Hamiltonian [58], which can 
include strain, and Hex = JPd,Nox{Sz)sz is the exchange Hamiltonian describing the 
interaction between localized Mn spins and p-type free holes in the virtual crystal 
and molecular field approximations. Here, A^ = 22.2 n m - 3 is the cation density in 
GaAs, (Sz) is the average temperature-dependent value of the z-component of the Mn 
spin, and sz is the z-component of the hole spin operator. Jpd was taken to be posi-
tive (antiferromagnetic) and equal to 54 meV-nm3. {Sz) was assumed to be positive 
for our experimental geometry, where the incident wave propagated in the positive 
z-direction and the magnetization was in the negative z-direction. Band structure 
calculated for an unstrained sample with x = 0.024 is shown in Fig. 4.16(a). Figure 
4.16(b) shows more details of the VBs near the T-point, where exchange splitting is 
visible. There is also splitting of the CBs far from the T-point. 
After finding the band energies Ea>b(k) and momentum matrix elements Pa6(k) as 
a function of electron wave vector k and determining Ep for a given hole density, our 
collaborators calculated the dielectric tensor using a standard formula 
mle0{2TTf^JJJ {Eba)2 
PabPba , PbaPgb 
(Eba - ihy - hjj) (Eba + ihy + tuJ) 
Here, the integration is performed over the first Brillouin zone, the Greek indices 
a and j3 denote coordinates, the summation indices a and b represent VB and CB, 
d3fc (4.1) 
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Figure 4.16 : (a) Example of band structure of unstrained ferromagnetic 
Gao.o76Mn0.o24As below Tc calculated by a 30-band k • p model including the p-d 
exchange coupling, (b) Valence bands near the zone center showing exchange split-
ting. Real (solid line) and imaginary (dashed line) parts of (c) exx and (d) exy of the 
dielectric tensor calculated for GaMnAs as a function of photon energy. 
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respectively, and fa is the Fermi-Dirac distribution function. Only interband transi-
tions were included. The calculated exx and exy components of the dielectric tensor 
are shown in Figs. 4.16(c) and 4.16(d), respectively, for hole density p = 1019 cm - 3 
and broadening Try = 120 meV. The calculated exx spectrum is similar to the known 
experimental spectrum for GaAs [59, 60] except for a ~0.3 eV blue-shift of the 3 eV 
peak (i.e., E\ critical point) and overestimated heights of the E'0 - E2 peaks near 5 eV. 
These discrepancies are well known and usually attributed to many-body effects; see 
the discussion in [59]. Our collaborators also included the band gap narrowing effect 
due to doping in an approximate way by rigidly reducing the gap by the amount 
calculated for p-doped GaAs [61, 62]. 
4.5 Discussion 
0.4 
"aT 0.3 
8> 
CD 
S 0.2 
D) 
C 
< 0.1 
i _ i _ 
0 
0.0 
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 
Photon Energy (eV) 
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Calculated remanent Kerr spectra are shown in Fig. 4.17, together with the ex-
perimental data. The Kerr angle was defined as the negative real part of the ratio of 
y- and ^-components of the reflected electric field for an ^-polarized incident wave, 
and multiple reflection within the GaMnAs layer was taken into account. The effect 
of annealing was modeled by a slight increase in p and x. Our collaborators took the 
nominal value x = 0.024 for S-3 (annealed) and x = 0.023 for S-2 (unannealed). To 
reproduce the 1.7-eV peak well, p = 1 x 1019 cm - 3 for S-3 and p = 8 x 1018 cm - 3 for 
S-2 were obtained, while the nominal p ~ 2 x 1019 cm - 3 from room temperature Hall 
measurements at low fields (<3 kOe). For S-l, x = 0.015 andp = 5.3x 1018 cm~3 were 
used. Strain in GaMnAs was neglected in Fig. 4.17. Overall, there is excellent agree-
ment between the data and simulations for the main 1.7-eV peak: within 15 meV for 
the peak position and within 5% for the peak amplitude. Agreement deteriorates for 
the high-energy tail. The above free hole densities are in the intermediate range, with 
EF comparable to the exchange splitting. For S-3, Ep = —16 meV, which is about 
50 meV below the topmost valence (heavy-hole) band shown in Fig. 4.16(b). For this 
Fermi level position one heavy-hole and two light-hole bands are occupied. At higher 
free hole densities the Kerr peak becomes too broad and blue-shifted as compared to 
the experimental data; see also Fig. 4.18. There could still be a significant density of 
localized holes mediating ferromagnetism but not affecting Kerr spectra. 
Our collaborators at Texas A&M studied the effect of tensile strain due to the 
~ 0.8% lattice mismatch between the InGaAs buffer layer and the GaMnAs layer. 
Assuming that the GaMnAs layer maintains full strain, they obtain spectra similar 
in shape but with ~30-40% decrease in peak amplitude compared to the simulated 
spectra without strain, shown in Fig. 4.17. Thus, MOKE data favor the assumption 
that strain is fully or partially relaxed in our samples. Note that mean-field calcu-
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lations [42, 63] favor the presence of tensile strain for samples with an out-of-plane 
easy axis. 
Figure 4.18 shows MOKE spectra at x = 0.024 for different EF values. These 
spectra were calculated with an 8-band k • p Hamiltonian for simplicity, which is 
adequate for the main peak. As Ep moves up (and the free hole density decreases), 
the main Kerr angle peak red-shifts and decreases in magnitude. Its sign changes 
approximately when the upper light-hole band becomes depopulated, i.e., at a much 
smaller EF than previously assumed [44, 47, 49, 64]. We also compared Kerr spectra 
with and without contribution from the spin-orbit split-off band, as shown in Fig. 4.19. 
This contribution is significant only for the high energy tail of the spectrum. We 
conclude that for our samples the main peak is dominated by the EQ critical point, 
contrary to the recent suggestion made by Ando et al. [49] that the E0 + A0 feature 
be the origin of the positive peak at ~1.7 eV. 
4.6 Conclusions 
In conclusion, Kerr spectroscopy experiments of GaMnAs combined with simulations 
using rigorous band-structure and dielectric permittivity modeling prove the antifer-
romagnetic character of the p-d exchange interaction and attribute the Kerr signal to 
interband transitions. Our results indicate that the Fermi level is located in the VB 
even for our lowest-doped samples. 
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Chapter 5 
Magneto-optical Kerr Spectroscopy of 
Dichalcogenide Ferromagnet 
This chapter describes results of our magneto-optical experiments on Fei/4TaS2. This 
is a novel type of itinerant ferromagnet and a member of materials known as inter-
calated transition-metal dichalcogenide (TMDC). An introduction to TMDC is given 
in the first section, concerning lattice structiire, magnetic properties, as well as band 
structure. MOKE results are then presented and discussed. We explained the ob-
served spectra with the difference of spin-split density-of-state, and investigated the 
origin of the abnormal hysteresis for this material. 
5.1 Transition-metal dichalcogenide 
There are about 60 transition-metal dichalcogenides (TMDC), two-thirds of which 
adopt layer structures. The quasi-two-dimensional nature of TMDC gives rise to 
anisotropy in physical properties. The weak van der Waals interlayer bonding allows 
intercalation of a variety of atoms, ions and molecules. These TMDC and interca-
lated TMDC materials cover a wide spectrum of electrical properties, from insulators 
like H1S2, through semiconductors like M0S2 and semimetals like \VTe2 and TCS2, 
to true metals like NbS2 and VSe2 [65]. Charge density wave (CDW) and supercon-
ductivity coexist and compete with each other in a number of these materials [66]. 
The superconducting transition temperature changes as many TMDC compounds are 
intercalated with organic molecules. Long range magnetic order occurs in many cases 
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when 3d-transition metals such as Mn and Fe are intercalant. 
5.1.1 Lattice structures 
Transition-metal dichalcogenide (TMDC) layer compounds have the chemical formula 
TX2, where T is a transition-metal atom from the Group 4, 5 and 6 of the Periodic 
Table and X is one of the chalcogens, sulfur, selenium, or tellurium. Structurally, 
these compounds are built from X-T-X layers which are coupled to one another by 
van der Waals force. Within a single X-T-X layer, T and X atoms are strongly 
bonded, forming two-dimensional hexagonal arrays. Each T atom can either be octa-
hedrally or trigonal prismatically coordinated by six neighboring X atoms as shown 
in Fig. 5.1(a). Depending on the stacking sequence of the successive X-T-X slabs, 
the three-dimensional crystal structures have different forms, which are usually re-
ferred to as IT, 2H, 3R, 4H, and 6R. The integer indicates the number of X-T-X 
layers per unit cell along the hexagonal c axis and the letter (T, H, and R) denotes 
the symmetry (trigonal, hexagonal, and rhombohedral, respectively). Figure 5.1(b) 
illustrates three forms of TX2, IT, 2Ha, and 4Hb. We note that IT, 2H, and 3R 
represent different polymorphs whereas 2Ha, 2Hb, 4Ha, 4Hb, etc., represent different 
polytypes. A unique way of representing these TMDC materials in two dimensions is 
to show the positions of the atoms in the 1120 or 110 plane. Three polytypes of IT, 
2H, and 4H are shown schematically in Fig. 5.2 with different stacking sequences. 
Foreign atoms or molecules M can be introduced between the X-T-X layers to 
give rise to stoichiometric or nonstoichiometric compounds. Such a filling process is 
called intercalation, a term primarily used to distinguish it from the substitutional 
doping of the material and to indicate that the bonding of the intercalated atoms or 
molecules to the layers may be weak [67]. A variety of species including alkali metals, 
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4Hb 
Figure 5.1 : (a) Layered structure of transition-metal dichalcogenide (TMDC) com-
pounds. T is transition-metal atom and X is chalgogen atom. The X-T-X sheets are 
loosely coupled by van der Waals force. Within each sheet, each T atom can either be 
octahedrally or trigonal prismatically coordinated by six neighboring X atoms, (b) 
The unit cell of three polytypes of IT, 2Ha, 4Hb. a and c are lattice constants in the 
X-T-X plane and perpendicular to the plane. 
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1T 
2Ha 
4Hb 
Figure 5.2 : 1120 section diagrams of IT, 2Ha and 4Hb types of TX2. Red(small) 
circles: T; green(large) circles: X. The crosses and squares mark out the tetrahedral 
and octahedral lattice sites between the X-T-X slabs. 
transition metals and organic molecules have been successfully used for intercalation. 
There are two types of lattice sites between the X-T-X slabs: octahedral (cross 
markers) and tetrahedral (square makers) as shown in Fig 5.2. 
FexTaS2 can be synthesized by chemical vapor transport reaction in a closed silica 
tube with various compositions 0 < x < 0.5. Halogen gas is usually employed as a 
transport reagent. Fe, Ta, and S powders are heated in an evacuated and then sealed 
silica tube for two to three weeks, keeping a temperature gradient constant. Lamellar 
crystals grow close to the cold end of the silica tube [68]. 
X-ray diffraction patterns of the compounds FexTaS2 in the range 0.15 < x < 0.50 
show a hexagonal unit cell consistent with the 2H-TaS2 structure [68, 69], indicating a 
single phase region of 2H-TaS2 structure. In the range x < 0.15, both patterns of 1T-
type and 2H-type are observed, revealing mixed TaS2 phases. Narita et al. measured 
the lattice parameters a and c as a function of the iron content x [68]. As shown 
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Figure 5.3 : (a) Lattice parameters determined by X-ray diffraction as a function 
of iron content x in FexTaS2 [68]. In the single phase region (0.15 < x < 0.50), 
a remains unchanged while c is linearly increasing with x. (b) Crystal structure of 
Fei /4TaS2 [69]. 
in Fig. 5.3(a), in the single phase region, a is almost unchanged while c increases 
almost linearly with an increase of x. This means that the iron ions are inserted in 
the van der Waals gaps and expands the distance between adjacent TaS2 layers. At 
certain concentrations such as x = 1/4 and 1/3, ordered superlattices of intercalated 
atoms are found with a hexagonal axis a' — 2a0 and a' = y/3a0, respectively, where a0 
is the basic hexagonal lattice parameter of TaS2. Figure 5.3(b) illustrates the three 
dimensional crystal structure for Fei/4TaS2 superlattice with Fe intercalated in the 
octahedral sites between the TaS2 layers [69]. 
5.1.2 Magnetic and transport properties 
The temperature dependence of magnetic susceptibility for different compositions 
{x > 0.2) of FexTaS2 obeys the Curie-Weiss law *(T) = Xo+C/{T-6c) [68], where xo 
is a temperature-independent term, C is the Curie constant, and 9C is the Curie-Weiss 
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Figure 5.4 : Curie-Weiss behavior of Fe ITaS2 [68]. 6C decreases with increasing iron 
content x and changes from positive (ferromagnetic) to negative (antiferromagnetic) 
near x = 0.4. 
temperature. Qc decreases with increasing iron content x and changes from positive to 
negative near x = 0.4 (see Fig. 5.4), indicating that the magnetic interactions change 
from ferromagnetic to antiferromagnetic. Strong anisotropy along the crystal axis c is 
observed for various x values. Figure 5.5 shows two example hysteresis measurements 
of Fe0.28TaS2 and Fe0.34TaS2 at 4.2 K with H//c axis [70]. Large coercive forces are 
required to reverse the spins in both cases. 
Parkin et al. measured the paramagnetic susceptibility of Mn1/3TaS2 and Fei /3TaS2 
as shown in Fig. 5.6. For Mn1/3TaS2, ferromagnetic ordering is preferentially in the 
plane of the layers, and an isotropic paramagnetic siisceptibility is exhibited above 
the Curie temperature. However, for Fe1/3TaS2, paramagnetic susceptibility shows 
strong anisotropy for temperatures even above the Curie temperature. 
Magnetization hysteresis loops of Fe1/4TaS2 are measured by Morosan et al. in a 
field up to 5.5 T at various temperatures [69]. Figure 5.7(a) reveals an extremely high 
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Figxrre 5.5 : Magnetization hysteresis loops of (a) Fe0.28TaS2 and (b) Fe0.34TaS2 at 
4.2 K with H//c axis. Strong anisotropy along crystal c direction is observed [70]. 
inr 
Figure 5.6 : Paramagnetic susceptibility of (a) Mni/3TaS2 and (b) Fei/3TaS2, both 
parallel and perpendicular to the c axis, in a field of 330 G. The susceptibility of 
Mni/3TaS2 shows a field dependence only below the Curie temperature [71]. 
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(a) (b) 
H<T>
 H(T) 
Figiire 5.7 : M(H) curves for Fe1/4TaS2: (a) H//c and H//ab at 2 K; (b) H//c at 
various temperatures [69]. 
Figure 5.8 : Magnetic domains imaged by magneto-optical method. Sample Fei/4TaS2 
is first cooled to 5 K in negative H = —1000 G. After the field is turned off, positive 
field is applied and domain structures are observed. Top row, left to right: H = 
0,500, 600, 700 G. Bottom row, left to right: H = 850,1000,1200,1500 G [72]. 
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coercive field of 3.7 T at 2 K. The H//ab magnetization is very low compared to the 
H/ jc case and linear in all the magnetic field range of 0 - 5.5 T. Hysteresis loops at 
different temperatures are shown in Fig. 5.7(b), and they remain sharp throughout 
the ordered state (T < 160 K) within the resolution of the field. This sharp reversal 
of magnetization at low temperature was used by Checkelsky et al. to determine the 
ordinary and anomalous Hall coefficients in the Hall measurements [73]. At much 
lower field (< 1500 G), Vannette et al. studied the magnetic domain structure of 
Fe!/4TaS2 [72]. Real-time magneto-optical imaging reveals the dynamics of unusual 
dendritic domain formation and propagation. The authors claimed that the walls 
are much more weakly pinned in the direction parallel to the hexagonal lattice as 
compared to perpendicular wall motion. Figure 5.8 shows a few images of the dendrite 
domain structure. 
5.1.3 Band structure 
Band structure studies of TMDC have been reported by different groups [74, 75, 76, 
77, 78, 79, 80, 81]. General features of 2H-TaS2 band structure included (1) a low-lying 
valence band derived from the sulphur 3s orbitals, (2) an upper valence band derived 
mainly from sulphur 3p and Ta 5d orbitals, (3) a narrow conduction band which is 
called the "d^" band, and (4) a higher conduction band formed by Ta "dX2/;x2_3/2" 
and udxz.yz" bands. Fermi level lies in the "dz2" band, predicting 2H-TaS2 to be a 
metal. Figure 5.9 shows the total and partial density-of-states (DOS) calculated by 
Guo and Liang [74]. 
Little is known about the band structure of 3d transition-metal intercalates of 
TaS2, and many experimental results are discussed with the so-called rigid-band 
model. In this model it is assumed that the band structure of the host material 
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Figure 5.9 : Density-of-state (DOS) calculation of 2H-TaS2 using linear muffin-tin 
orbital method with atomic sphere approximation (LMTO-ASA) [74]. (a) Total DOS. 
(b)-(j) /-decomposed partial DOS. 
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is unchanged by intercalation, and only the Fermi level changes with charge transfer 
from the intercalated atoms to the host lattice. However, this is only a first order 
approximation. For Fe intercalated TaS2, there have been two band structure cal-
culations [78, 82], performed both for Fe!/3TaS2. Their calculations reveal a strong 
hybridization of Fe 3d spin-up states with S 3p spin-up states, and Fe 3d spin-down 
states with Ta 5dz2 spin-down states. A strong effect induced by intercalation is that 
the gap between Ta 5d and S 3p bands is greatly increased compared to the host 
material. 
5.2 Samples 
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Figure 5.10 : (a) M(H) for a Fei/4TaS2 at 135 K was measured with H//c and 
H//ab. Magnetization is negligible in the basal plane. Magnetic switching is not 
vertical, indicating a multi-domain structure of the sample in this condition, (b) 
M(H) curve and its derivative. Black: up sweep; red: down sweep. 
The samples studied in this experiment are single crystals of Fei/4TaS2 flakes 
grown by iodine vapor transport [69] in Dr. Emilia Morosan's group at Rice Uni-
versity. The samples exhibited, as described in Ref. [69], strong magnetic anisotropy 
parallel to the crystallographic c axis. Extremely sharp switching was observed in 
M-H curves at low temperatures as shown in Fig. 5.7, and the Curie temperature 
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Figure 5.11 : (a) Contcnir plot of the measured Kerr angle as a function of mag-
netic field and wavelength for a Fe!/4TaS2 at 135 K. Magnetic field was swept from 
+1920 Gauss to —1920 Gauss, and back to +1920 Gauss completing a full cycle, (b) 
MOKE hysteresis scan for selected wavelengthes. 
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was about 160 K. With the cuboidal magnet and the narrow-gap cryostat described in 
Chapter 3, the maximum magnetic field that could be reached was about 1900 Gauss. 
Thus, to make the coercive field of the sample smaller than 1900 Gauss, all measure-
ments of the hysteresis loops were performed above 135 K. Figure 5.10 shows the M-H 
loop at 135 K for the sample. The magnetization was along the c axis, and almost no 
magnetization was detected when the field H was parallel to the sample surface. Dif-
ferent from low temperature M-H, the magnetic switching occurred gradually over a 
range extended from —1000 Gauss to +1000 Gauss. The remanent magnetization (in 
zero field) MT was about 17% of the saturation magnetization Ms. This indicates that 
the samples were in a multi-domain region in the zero field. This has been confirmed 
through MO imaging, and dendritic domain structure was observed by Vannette et 
al. [72]. The derivative of M-H shown in Fig. 5.10(b) revealed two-step magnetic 
switching. As we can see in the up sweep, the switching was faster from —700 Gauss 
to —500 Gauss, and slowed down from —500 Gauss to +1300 Gauss. 
5.3 MOKE results 
MOKE measurements were performed in the polar geometry with the setup described 
in Chapter 3. The sample temperature was varied from 10 K to room temperature. 
An external magnetic field was applied perpendicular to the sample surface. The 
magnetic field was swept within the range between ±1920 Gauss. 
A contour map of MOKE data are presented in Fig. 5.11(a). Magnetic field was 
swept from +1920 Gauss to —1920 Gauss, and back to +1920 Gauss, completing a 
full cycle. A horizontal slice of the plot is an unfolded Kerr hysteresis loop, which 
clearly reveals the Kerr signal as a function of both magnetic field and the field-
scan direction. Figure 5.11(b) displays such open-hysteresis-loops at several probe 
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Figure 5.12 : MOKE hysteresis loops for the same probe wavelength in Fig. 5.11(b). 
wavelengths A, while Fig. 5.12 presents these same loops in a standard manner. From 
these scans, we immediately notice that the shape of 6K-H curve is A-dependent. At 
560 nm, 790 nm, and 880 nm, the hysteresis loop is following a similar trend to the 
M-H curve. At 690 nm, the loop possesses a square shape similar to a single-domain 
magnet. While at other wavelengthes, it changes drastically, with peak Kerr rotation 
occurring near ±1000 Gauss instead of near the maximum ±1920 Gauss. 
Field-cool (FC) MOKE spectra measured at 300 K, 165 K, 140 K, and 10 K are 
shown in Fig. 5.13. The sample was kept in a constant magnetic field (+1980 Gauss 
or —1980 Gauss) when the temperature was lowered from room temperature to 10 K. 
Kerr spectra in the positive and negative field are symmetric about zero. The signal 
is absent at first near 300 K and starts appearing at 165 K, and then increases as the 
temperature decreases. 
An averaged FC spectrum at each temperature was calculated from the positive 
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Figure 5.13 : MOKE spectra measured after sample is cooled down to 300 K, 165 K, 
140 K, and 10 K in magnetic field H = ±1980 G. 
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Figure 5.14 : Field cool MOKE spectra at various temperatures. Inset: Temperature 
dependence of FC MOKE signal probed with 510 nm. 
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and negative field signal, and the results are presented in Fig. 5.14. From 300 K to 
140 K, the spectra are plotted with solid lines, and spectra from 130 K to 10 K are 
plotted with dashed lines. This differentiates the two zones when coercive field Hc 
is less than 1980 Gauss (zonel) and larger than 1980 Gauss (zone2). The inset of 
Fig. 5.14 shows the temperature dependence of FC MOKE signal probed with 510 
nm. Similar behavior of FC magnetization data is observed in [69]. 
5.4 Discussion 
5.4.1 Abnormal hysteresis loops 
780 nm 
-1000 0 1000 
H (Gauss) 
-1000 0 1000 
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-1000 0 1000 
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Figure 5.15 : Hysteresis loops (590, 780, 920 nm) fitted with the sum of two error 
functions A x erf(l) + B x erf(2). For each wavelength, the experimental data and 
fitting result are plotted in the bottom panel; the two fitting terms are plotted in the 
upper panels. Arrows indicate the field sweep direction. 
One interesting discovery is that the shape of hysteresis loops showed a great 
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sensitivity to the photon energy, as shown in Fig. 5.12. We noticed that although the 
shape varies, all the loops can be fitted with the sum of two error functions: 
(5.1) MOKE = A x e r f c ^ i + B x erf-^ " Hc2 
y/2Hvi y/2Hv2 
where A, B, Hc\, H&, Hvi, and Hvi are fitting parameters. Figure 5.15 shows the 
experimental data (dots) and the fitting curves (lines) at several photon energies. The 
two error function terms, denoted by erf(l) and erf(2), are plotted in the upper half 
of each panel. It can be seen that erf(l) is a square-shaped hysteresis and erf(2) is 
similar to the M-H curve. 
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Figure 5.16 : Spectral dependence of fitting parameters A, B, Hci, HC2, Hvl, and HV2 
with error bars (±one standard deviation) obtained from the up-sweep and down-
sweep cycles. 
The spectral dependence of the six fitting parameters is summarized in Fig. 5.16. 
Constants Hc\ and Hv\ were obtained from all the fittings, indicating the same phys-
ical origin for the fitting term erf(l) for all photon energies. Because the second term 
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Figure 5.17 : Spectral dependence of fitting parameters obtained from two fitting 
expressions A x erf(l) + B x erf(2) and A x erf(l) + B x F(M). 
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erf(2) basically follows the M-H, we believe that this term represents a contribution 
proportional to the magnetization, while erf(l) represents another unidentified source 
that contributes to the MOKE signal. We then replaced erf(2) with the experimental 
M(H)/MS curve and fit the MOKE data with the expression 
MOKE = A x e r f ^ ^ i + B x ¥gl. (5.2) 
The fitting results are presented in Fig. 5.17, together with the previous results. 
We can see that in most of the spectral range, the two fitting methods yield similar 
values within the error bar (i.e., ±one standard deviation). It thus confirms our inter-
pretation of erf(2). Near 900 nm, the second method fails to provide as good fitting 
results as the first method due to the less adjustable fitting parameters. Discrepancies 
happen as a result. 
In order to get a better understanding of the data, we propose the following model. 
During a field scan, spin-lip domains and spin-down domains co-exist. Let us assume 
that V+ out of the total sample volume Vo is occupied by spin-up domains and define 
a partition number / = V+/VQ. Then, the spin-down domain volume is VI = Vo — V+ 
with partition number (1 — / ) . The total magnetization can be expressed as 
M = fix(V+-V_)= tiV0(2f - 1) = Ms(2f - 1), (5.3) 
where /i is the magnetic moment and Ms is the saturation magnetization. 
Since M is a function of H, f is also a function of H: 
Let 6K be the microscopic Kerr angle in a single domain, which should be a function 
of domain size/volume, i.e., 8K{V±). The measured Kerr angle G^ is the result of 
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Figure 5.18 : Schematic diagram of domain distribution when (a) spin-up domain 
starts to nucleate and (b) single spin-up domain forms. The band diagrams of ab-
sorption coefficients and Kerr angle are shown on the right side for each case. 
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both spin-up and spin-down domains 
6 * = fdK(V+) + (1 - f)6K(V-). (5.5) 
Because 6 K is proportional to the difference of absorption coefficients between right 
and left circularly polarized light, i.e., (a+ — a_), it is determined by the difference 
of joint density of states (JDOS) of spin-up and spin-down bands. Consider the three 
situations when (1) / ~ 0, (2)/ = 1, and (3) 0 < / < 1. In the first case, a small 
spin-up(+) domain is nucleated inside a single spin-down(—) domain (illustrated in 
Fig. 5.18(a)). Due to the finite size of the positive domain and the nearby domain 
walls, the spin-split band structure can be shifted compared to the bulk sample. 
Therefore, the absorption coefficients have reduced values ar±, resulting in a reduced 
Kerr angle 6rK. In the second case, a single domain of up spin is formed as illustrated 
in Fig. 5.18(b). The band structure is the same as the bulk sample. Thus, a± and 0K 
have the normal values a± and 6K. In the general case(3), a± and 6 K are in between 
the reduced and normal values. Assume the change of 6K from the reduced value 6K 
to the normal value 6K can be described by an error function 
e r f ( 0 ) = e r f c - ^ . (5.6) 
Define 
We can express 
0SK = \ K + 6K), (5.7) 
0K = IK-OK)- (5-8) 
0K{V+) = 6K + 6£xeTi(d), (5-9) 
6K(V_) = -eK + BKxeri{6). (5.10) 
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Substitute the above in Eq. (5.5), we have 
OK = / ( 4 + ^ rf(0)) + ( l - / ) ( - 4 + 0£erf(0)) 
= 0£erf(0) + ( 2 / - l ) 0 * 
= eierm+OK^1. (5.11) 
Comparing it with our fitting Eq. (5.2), we see that the two fitting terms Ax erf (1) and 
B x erf(2) correspond to the contributions from the 6j^ term and 6^ term, respectively. 
However, the origin of 6j^ is still elusive. 
Fe1/3TaS2 band structure calculation: 
Dijkstra et al., J.Phys.:Condens. Matter 
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Figure 5.19 : (a) DOS of Fei/3TaS2 following the calculation of Dijkstra et al. [78]. 
(b) Digitized the DOS of spin-up and spin-down Fe, Tal and Ta2 atoms within 5 eV 
of the Fermi surface. 
5.4.2 Photon energy dependence 
The photon energy dependence of Kerr signal is determined by the difference of JDOS 
of spin-up and spin-down bands. Simulation of MOKE spectra requires the knowledge 
73 
of the band structure of Fei/4TaS2, which has not been calculated by any group to the 
best of our knowledge. However, there are reports of band structure calculations of 
the analogues Fei /3TaS2, Mni/3TaS2 and Mni/4TaS2 [78, 82, 79]. The general features 
that are true for this group of materials are (1) large spin splitting of transition metal 
(Fe or Mn) 3d bands; (2) hybridization of transition metal 3d and Ta 5dz2 states; and 
(3) large DOS of transition metal 3d and Ta 5dj.2 at the Fermi surface. Thus, the 
transitions that contribute to the Kerr signals are those from the Fe 3d and Ta 5dz2 
near the Fermi surface to higher lying Ta 5d states. 
We adopted the DOS results in Dijkstra et aVs paper [78] to get a rough estima-
tion of MOKE spectrum of Fei/4TaS2 and compare that with our experimental data. 
Figure 5.19(a) shows the spin-split DOS of ferromagnetic Fei/3TaS2, and partial DOS 
for Fe, Ta and S atoms. Tal and Ta2 represent the two types of Ta atoms in the crys-
tal lattice: Tal have no direct Fe neighbors, whereas each Ta2 has one Fe neighbor. 
We make the following assumptions: 
(1) transitions occur within each kind of atoms, i.e., Fe —> Fe, Tal —> Tal and Ta2 
-» Ta2; 
(2) transition rate T equals to JDOS; 
(3) Kerr signal is proportional to the difference of spin-up and spin-down transition 
rate. 
Assumption (1) neglects the hybridization between the bands of different atoms. As-
sumption (2) neglects the different matrix elements for different kinds of atoms. As-
sumption (3) neglects the wavelength dependence of the proportionality coefficient. 
Spin-dependent JDOS of Fe, Tal and Ta2 were calculated from Fig. 5.19(a). Fig-
ure 5.19(b) shows the digitized partial DOS of Fe and Ta within ±5 eV (Fermi surface 
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Photon Energy (eV) 
Figure 5.20 : Joint density of states (JDOS) of spin-up and spin-down Fe, Tal and 
Ta2 atoms in Fei/3TaS2- The total JDOS is the sum of the three kind of atoms for 
each spin. 
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Figure 5.21 : The difference of the JDOS is compared with the FC MOKE spectrum 
measured at 140 K. 
lies at 0 eV). This range is enough since the experimental data were obtained in the 
spectral range of 1.2 eV - 3.1 eV. Figure 5.20 shows the spin-up and spin-down JDOS 
for each atom. JDOS is calculated by 
DOS(£i) • DOS(£i + E)dE1. (5.12) 
The total JDOS for spin-up and spin-down bands are also plotted in the same figure. 
FC Kerr spectrum (140 K) and the calculation are shown in the Fig. 5.21. Al-
though the model is over-simplified, it captures the spectral positions of the peak 
Kerr values near 1.6 eV and 2.4 eV. 
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5.5 Conclusions 
In conclusion, we performed polar magneto-optical Kerr spectroscopy study of Fei/4TaS2 
as a function of temperature (10 K to room temperature), magnetic field (±1920 Gauss), 
and photon energy (~ 1.4 - 2 eV). We attributed the optical Kerr signal to the inter-
band transitions and simulated the spectra with the difference of the JDOS of spin-up 
and spin-down bands. The simulation successfully captured the spectral peak position 
and qualitatively reproduced the experimental results. The photon-energy dependent 
hysteresis behavior have been systematically recorded and studied. We propose a gen-
eral mathematical expression for fitting all the hysteresis loops and provide a tentative 
physical description based on domain wall physics. However, a few open questions 
remains, and its microscopic origin is still under investigation. 
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Chapter 6 
Conclusions 
In this dissertation, techniques of magneto-optical Kerr effect (MOKE) were employed 
to investigate two types of novel ferromagnets: semiconductor Gai_xMnxAs and metal 
Fei/4TaS2- A versatile Kerr spectrometer was constructed with the full capabilities of 
magnetic field, temperature and photon energy scanning. The MOKE measurements 
for Gai_xMnxAs and Fei/4TaS2 were performed within the range of —1980 - +1980 G, 
4 - 300 K, and 1.24 - 3.10 eV. 
Three Gai_xMnxAs samples with different nominal doping concentrations x have 
been studied and compared. The MOKE spectra of Gai_xMnxAs directly related to 
its spin-split band structure and revealed a large positive peak at ~1.7 eV. This peak 
increased in intensity and blue-shifted with Mn doping and further blue-shifted with 
annealing. We attribute these changes to the increased hole density and effective Mn 
content. Using a 30-band k • p model with antiferromagnetic p-d exchange interaction, 
we successfully reproduced the observed spectra without any ad hoc introduction of 
impurity transitions. Our theory suggests that in the optical region, MO signal is 
mainly due to the interband transitions from valence bands to conduction bands. 
Contribution of the transitions from the impurity band was negligible. Regarding the 
debate of the source of MO signal, our findings support the valence-band-hole picture 
although we do not rule out the existence of the Mn impurity band. 
The magneto-optical Kerr signal was measured for Fei/4TaS2 from 10 K to room 
temperature. Magnetic field was scanned from —1920 to 1920 Gauss. The Kerr 
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spectrum can be explained by the difference of JDOS of spin-up and spin-down bands 
in a simplified model. More accurate simulation requires the future calculation of the 
band structure. Abnormal dependence of hysteresis shape on photon energy has been 
observed near 135 K. The hysteresis loops are successfully fitted with a two-term 
expression. One fitting term is identified to be proportional to magnetization while 
the origin of the other one is still elusive. Our collaboration with Prof. Prozorov's 
group (at Iowa State University) on MO imaging of the sample domains may provide 
more insight into the microscopic domain wall dynamics and MOKE signal. 
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